We have recently described a female patient with myotubular myopathy (MTM1) and an interstitial deletion at Xq28. Characterisation of the deletion allowed us to position the MTM1 gene to a 600 kb region between DXS304 and DXS497. In order to further restrict the region we screened for deletions in a set of 38 patients. We found two overlapping deletions in boys that in addition to MTM1 showed an unexpected abnormal genital development. As the latter phenotype is not found in the other non-deleted MTM1 patients, our observations are best explained by a contiguous gene syndrome. The deletions define a 430 kb region that contains the MTM1 gene and most likely a gene implicated in male sexual development. A high resolution physical map of this region is presented.
INTRODUCTION
X-linked recessive myotubular myopathy (MTM1; MIM31040) is characterised by congenital hypotonia and muscle weakness. As a consequence, marked respiratory insufficiency is present. A muscle biopsy shows small rounded fibers resembling myotubes with nuclei in central position. Stillbirth and perinatal death is common and affected boys rarely survive the first year of life. No significant clinical manifestation has been noted in female carriers. The rare autosomal form of myotubular myopathy is distinguished from the X-linked type by a lesser severity of clinical symptoms in affected males in combination with findings in muscle biopsies (1) .
Previous linkage studies have shown evidence for linkage between MTM1 and several polymorphic DNA markers at Xq28 (2) (3) (4) (5) (6) . A candidate region spanning 10-12 cM was delimited (7) but the relative position of the MTM1 gene within the interval remained unclear due to the lack of informative families and key recombinations. In recent reports we have provided evidence for a much more precise location of the MTM1 gene in the proximal part of Xq28 (8) (9) . Linkage data and the analysis of the deletion in a female patient refined the localisation of the disease gene to a physical region of 600 kb.
The region has previously been cloned in YACs (10-11). As part of a more detailed characterisation of the region we constructed a partial cosmid contig and continued the search for deletions. We describe here two microdeletions in boys affected by myotubular myopathy and abnormalities of their external genitalia. The findings allowed us to further restrict the MTM1 gene location and suggest the presence within these two deletions of a gene involved in male sexual development.
RESULTS

Mapping of the DXS304-DXS497 region
A physical map of the candidate MTM1 region is shown in Figure  1 . The MTM1 gene was localised to a 600 kb region flanked by the marker loci DXS304 and DXS497 (9) . This localisation was based on the results from two deletions, one in a female affected by MTM1 and another in a male affected by Hunter syndrome but without MTM1. In order to characterise the candidate region in more detail we localised known polymorphic probes from DXS304 to DXS497 using DNA from the two previously *To whom correspondence should be addressed + Both authors have contributed equally to this study described individuals with overlapping deletions. Five marker loci were mapped to the interval (DXS334, DXS462, DXS341, DXS455 and 545R). The probes were hybridised to membranes containing cosmids from the ICRF flow-sorted X chromosome library (12) , the Lawrence Livermore X chromosome-specific library or a Xq28 specific cosmid library (13) . A cosmid contig spanning ∼300 kb was constructed (Fig. 1) . The region has previously been covered in YACs (10-11) and positive cosmids were verified by hybridisation to YACs XY316 and XY545.
Additional probes were generated from the cosmids using exon amplification (14, 15 ; Laporte et al. in preparation). Two correctly spliced single copy products (et13 and etb5) were isolated. A PCR assay was designed for each of the exons ( Table 1 ). The clone 3a22 was identified through cDNA selection (16; Siebenhaar, unpublished) and m22t was generated from the sequenced telomeric extremity of cosmid 22 and was used either as a hybridisation probe or as a PCR-based STS (Table 1) . A locus order was established for the clones localised in the region; Xqcen-DXS304-et13-DXS334-DXS462-DXS341-DXS455-etb5-3a22-m22t-545R-DXS497-qter. Marker 545R is a STS derived from the right extremity of YAC XY545 (10) . We also used STSs derived from DXS462 (10) and DXS455 (Genbank accession no. L31948) 
Molecular studies of the deletions
Single copy RFLP markers, STSs and the newly isolated markers between DXS304 and DXS497 were used to screen for deletions in DNA from an initial set of 24 patients with an MTM1 diagnosis. From this analysis, two deletions were found (Fig. 2) . Interestingly, when going back to the clinical information, we found out that both patients were described as having malformed external genitalia. In patient 474, the marker locus DXS497 failed to hybridise whereas DXS304 gave a positive signal. This indicates a deletion telomeric of DXS304. In patient 441, marker locus DXS304 failed to hybridise whereas DXS497 was present, indicating a deletion centromeric of DXS497. Further analyses showed that the 545R marker, located centromeric of DXS497, was present in 441. The single copy markers DXS334, DXS462, DXS341, DXS455, et13, etb5, 3a22 and m22t were deleted in both individuals (Fig. 3) . Taken together, the results are consistent with two single deletions that extend in different directions and the common overlap was restricted by marker 545R on the telomeric side and DXS304 on the centromeric side. The region spans ∼430 kb as determined by combining restriction maps from YACs and from the cosmid contig. The size corresponds to a maximal deletion overlap and further restriction in the centromeric region was hampered by the lack of hybridisation markers over a 180 kb distance between loci DXS304 and DXS334. More recently we tested by PCR several STSs (DXS462, DXS455, etb5, 545R) on an additional set of 14 patients for whom very limited DNA was available. No deletions were observed in the latter set.
Patients
We have initially collected 24 unrelated patients with an MTM1 diagnosis. All patients fulfilled the diagnostic criterias for MTM1 (1) . Two of the patients (cases 474 and 441) had, in addition to myotubular myopathy, abnormalities in the development of external genitalia.
Case 474. The proband was born at 41 weeks of gestation after a normal delivery but with apgar scores of 4, 5 and 5 (at 1 min, 5 min and 10 min respectively). There was no family history of neuromuscular disorders, late abortions or stillbirth. A generalized hypotonia was observed and he was treated for respiratory difficulties. Muscle biopsy revealed small rounded muscle fibers with centrally placed nuclei. Staining for glycogen and oxidative enzymes was increased. Physical examination showed subnormal tendon reflexes and mild joint hyperextensibility. Genitalia were ambigous including enlarged clitoris or micropenis and bifid scrotum without palpable testes (Fig. 4 ). An introitus vagina was present and genitography showed a vaginal pouch of 2-3 cm. He was initially considered female but chromosome analysis showed a normal 46,XY karyotype.
Serum levels of 17-OH-progesterone, 21-desoxycortisol androstenedione, testosterone, dihydrotestosterone, FSH and LH were normal.
Ultrasound investigation of head and abdomen were normal as well as X-rays of thorax and electrocardiography.
The boy died at age 3 months from respiratory insufficiency. Autopsy findings showed intersexual genitalia with micropenis and hypospadias grade III.
Case 441. The boy was born after a normal delivery at 43 gestational weeks. A severe hypotonia was observed. Muscle biopsy revealed small rounded fibers with centrally placed nuclei typical for myotubular myopathy. Minor and unspecific dysmorphic features were observed; high palate, retrognathia and thin ribs. Physical examination showed perineoscrotal hypospadias. Chromosome analysis showed a normal 46,XY karyotype. Hormone analyses showed a reduced dihydrotestosterone binding capacity in cultured fibroblasts (Bonn University Hospital, Germany). The K d appeared increased suggesting a combined quantitative and qualitative binding defect. The serum levels of 5-alpha-reductase were normal. The boy died at the age of 11 months.
DISCUSSION
The MTM1 gene was recently mapped to a region of 600 kb at Xq28. A map was constructed over the region and probes were tested by hybridisation and PCR on a set of 24 unrelated patients. Another set of 14 patients were more cursorily studied using PCR of STSs only. Submicroscopic deletions were found in two boys with MTM1 and genital abnormalities. The two deletions extend in opposite directions with a common overlap of no more than 430 kb. Suitable single copy markers in a 180 kb region distal to DXS304 have a potential to precisely locate the breakpoint in 474 and to further narrow down the candidate region. Two putative CpG islands were observed and correlate with the ones described previously (17) .
Both patients had a classical MTM1 phenotype but their genital abnormalities strongly suggest that, within these deletions, lies a gene implicated in external genital development in males. There have been no previous reports about MTM1 and associated genital abnormalities and none of the other MTM1 patients we studied shared such symptoms. In a recent survey describing clinical findings associated with MTM in 37 independent cases (1) a high proportion showed cryptorchidism as the only feature affecting external genitalia. Whether this is due to a primary or secondary disturbance of genital development is unclear.
Although the MTM phenotype was classical in both cases, the genital abnormalities differed in the two boys. Patient 474 showed severe genital malformations including severe hypospadias, micropenis and a bifid scrotum. Hormone levels were found normal. The patient 441 showed less pronounced genital abnormalities with hypospadias but a normal scrotum. An abnormal androgen binding was found in cultured fibroblasts from this patient, suggesting a qualitative and quantitative binding defect. The action of androgen is of importance in male genital development and mutant androgen receptors are associated with a spectrum of genital abnormalities in males including hypospadias (18) . As a consequence, two different mutations on a single X chromosome might possibly explain the phenotype in case 441. Deficiency of 5-alpha-reductase has been associated with hypospadias and pseudohermaphroditism but this was excluded in the two deleted patients. However, the fact that genital abnormalities were seen only in the two boys with deletions and not in the 36 other patients speaks in favour of a contigous gene syndrome involving a gene for male sexual development. Such cases greatly favor the mapping and isolation of disease genes (19) .
Many genes have been identified as playing a role in male sexual development but none have been mapped to the Xq28 region. The two cases presented were sporadic and did not allow for any linkage studies in the families. In principle, in contiguous gene syndromes, one expects to find instances where phenotype is single. In our example one would expect either MTM1 only or abnormal genitalia only. The latter has not been observed as being linked to Xq28 because of various possible reasons. It is a sex-limited phenotype which is difficult to distinguish from sex-linked. Secondly, it is heterogeneous both in terms of symptoms and genes involved. However, our findings show that such a gene may indeed exist. Our findings also agree with previous locations for the MTM1 locus and have further restricted the candidate region. Several CpG islands have been identified and the cosmid contig of 300 kb is being expanded in the common deletion overlap, in the search for corresponding coding sequences.
MATERIALS AND METHODS
DNA analyses and hybridisation probes
Genomic DNA was prepared from cultured fibroblasts, cultured lymphoblastoid cell lines or venous EDTA blood (20) and analysed as described (21) . The probes DXS304 (22) , DXS334 and DXS341 (23), DXS462 (10), DXS455 (24), DXS497 (25), 3a22 (16; Siebenhaar, unpublished), m22t and 545R were labeled by random priming and used for Southern blot analyses of DNA as described elsewhere (21) . M22t is a 300 bp single copy probe derived from cosmid 22 using primers defined in Table 1 . The probe 545R was generated from YAC XY545 by PCR amplification (10) followed by size separation on a 2% agarose gel.
YAC and cosmid clones
The two YACs XY545 and XY316 are derived from the St Louis library (26) (27) and were provided by Dr Michele d'Urso, Naples, Italy. DNA from the YACs were prepared in low melting point agarose blocks using standard protocols and were directly used for PCR amplification or pulsed-field gel electrophoresis. Cosmid libraries were screened by hybridisation using high density gridded filters constructed at ICRF (12), LLNL (Lawrence Livermore National Laboratories, CA) or filters from a Xq28 specific cosmid library (13) .
Trapped exons
Exon trapping were performed using the pSPL3 vector as described previously (14, 15) . Spliced products (et13 and etb5) were subcloned in pBluescript (Stratagene) or pAMP1 (Boehringer) and sequenced on an ABI automated sequencer and analysed with the computer program BLAST. PCR assays for genomic DNA were developed for these correctly spliced products (Table 1 and Laporte et al., in preparation).
